Catalase-positive Campylobacter species are associated with a variety of human and animal diseases (1, 8, (13) (14) (15) . C. jejuni and C. coli, inhabitants of the intestinal tracts of many animals and fowl (14, 15) , are now recognized as common causes of human enteritis. Since the campylobacters are nonfermentative and do not catabolize sugars (15) , few diagnostic tests are available that distinguish between members of this genus. The thermophilic species (C. jejuni and C. coli) are presently distinguished from the nonthermophilic species (C. fetus subsp. fetus and C. fetus subsp. venerealis) based on growth at 42°C but not at 25°C, sensitivity to nalidixic acid, and resistance to cephalothin (8, 14, 15) . However, nalidixic acid-resistant strains of C. jejuni have been reported (4, 12) . Additional differential tests have recently been reported by Razi et al. (12) , based on the inability of C. jejuni to grow anaerobically with nitrate. Payne et al. (11) have confirmed this observation and reported the absence of nitrite reductase in the C. jejuni-C. coli group. Although these methods are useful in distinguishing members of the genus Campylobacter, they all involve additional growth-oriented tests.
Presently, there is only one rapid diagnostic test (hippurate hydrolysis) which separates C. jejuni from C. coli (3, 14) . There are currently no rapid tests for differentiating C. jejuni and C. coli from subspecies of C. fetus other than initial isolation at 42°C. However, there are reports that some strains of C. fetus can also grow at this temperature (7) . Our studies into the energyyielding metabolism of C. jejuni indicated that C. jejuni isolates contain high levels of hydrogenase (5). This study reports on the distribution of hydrogenase in the various Campylobacter species and on a new rapid test for distinguishing between the species C. jejuni and C. coli and the subspecies of C. fetus.
MATERIALS AND METHODS
Strains. Stock cultures of C. jejuni, C. coli, C. fetus subsp. fetus, and C. fetus subsp. venerealis were obtained from the Anaerobe Laboratory, Virginia Polytechnic Institute and State University, Blacksburg, Va., and from the Centers for Disease Control, Atlanta, Ga. The following type or neotype strains were also used in this study: C. jejuni ATCC 33560, C. coli CIP 7080, C. fetus subsp. fetus ATCC 27374, and C. fetus subsp. venerealis ATCC 19438. Recent clinical isolates were obtained from local hospitals and identified by growth at 42°C, hippurate hydrolysis, and resistance to cephalothin. All strains were maintained in brucella semisolid medium (Difco Laboratories, Detroit, Mich.), prepared by adding 0.16% agar. Cultures were maintained at 37°C and transferred weekly.
Growth and preparation of ceil extracts. Starter cultures for batch cultures were grown in 250-ml flasks containing 100 ml of brucella broth, incubated statically at 37°C for 24 h and shaken for an additional 24 h. Three 2-liter flasks containing 1.5 liters of brucella broth were inoculated with a starter culture and similarly incubated for 48 h. Cells were harvested during the late log phase by centrifugation at 10,000 x g for 15 min, washed once in argon-sparged (anaerobic) 50 mM potassium phosphate buffer (pH 7.0), and suspended to 1 g/2.2 ml of buffer. Cell extracts were prepared by passages through a French pressure cell, followed by centrifugation at 21,000 x g to remove cell debris. The cell extract was then subjected to ultracentrifugation at 100,000 x g for 90 min to obtain the membrane vesicles.
For the rapid hydrogenase and formate dehydrogenase assays, the pellicle from 48-h-old brucella semisolid medium was removed with a pipette, washed once in anaerobic 50 mM phosphate buffer, centrifuged, and suspended to 2 ml in anaerobic buffer. Colonies were also removed from 48-h-old brucella agar A rapid assay was developed for determining hydrogenase and formate dehydrogenase activities, using the redox active dye benzyl viologen (BV) as an indicator. The assay was performed in stoppered 5-ml Vacutainer tubes (Becton Dickinson Vacutainer Systems, Rutherford, N.J.) containing the following per 2.5 ml: 0.15 ml of BV (2 mM final concentration), 2.15 ml of 100 mM potassium phosphate (pH 7.0), 0.1 ml of 100 mM potassium formate, and 0.1 ml of 100 mM dithiothreitol (DTT). Control tubes and hydrogencontaining tubes lacked formate, and the differences in volume were adjusted by the addition of phosphate buffer. For the hydrogenase test, hydrogen gas was bubbled through the tubes whereas both formate and control tubes were rendered anaerobic by sparging with water-saturated argon passed through a heated copper column to remove oxygen. Suspensions of washed cells (0.5 ml) were injected into the tubes through the rubber stoppers, and the tubes were incubated at 30°C for 20 min. A positive test was visually judged as a reduction of the BV to a dark-blue to deep-purple color within 5 to 10 min. Negative tubes remained colorless or light blue. After 20 min, any increase in color was judged to be due to slight endogenous metabolism and was therefore a negative result.
To test the possibility that hydrogenase was inducible, some cultures were incubated in anaerobe jars (Oxoid); hydrogen (20% [vol/vol] ) was added to the air in the jars. Cultures were examined for hydrogenase activity at 24, 48, and 72 h. Conditions for incubating and harvesting these cells were as described for the aerobically grown cells.
Respiratory activities were determined for selected strains with an oxygen electrode apparatus as described previously (3) . The oxygen monitor (Yellow Springs Instrument Co., Yellow Springs, Ohio) was interfaced to a microcomputer, and collection of data and determinations of respiration rate were made over an interval of 2 to 3 min, using a time-based program and linear regression analysis of all traces of oxygen consumption. The concentration of various substrates, as well as the method for determining hydrogen oxidation was as described previously (5) . Hydrogenase and formate dehydrogenase activities for selected strains were also determined spectrophotometrically, using an extinction coefficient for BV of 9.2 mM-1 cm-' at 546 nm (9) . Stoppered 1-ml cuvettes (1-cm light path) containing 5 mM BV and 100 mM potassium phosphate buffer (pH 7.0) were rendered anaerobic by sparging with argon or hydrogen, and to initiate the reaction, membrane vesicles or cell extracts were injected into the cuvette with a syringe. In addition to hydrogen, 0.02 to 0.05 ml of 100 mM sodium pyruvate, 100 mM potassium formate, 100 mM sodium lactate or 100 mM sodium succinate was used as substrates. Protein was estimated by the biuret method, using bovine serum albumin as the standard (2 mixture caused a delay in the onset of BV reduction. The presence or absence of DTT had no effect on BV reduction in the presence of hydrogen, and DTT did not spontaneously reduce BV. Table 2 shows the respiratory activities of membrane vesicles of selected Campylobacter strains. Respiratory activities with hydrogen and formate (hydrogenase and formate dehydrogenase) were generally much greater in C. jejuni and C. coli strains than were activities observed with NADH and succinate. Similarly, the respiratory activities of the C. fetus strains with formate were also much greater than those observed with succinate and NADH. Only C. fetus 18151-A-76 exhibited oxygen consumption in the presence of hydrogen.
The respiratory activities and spectrophotometric activities were comparable ( Table 3) . The spectrophotometric assay for hydrogenase was much more sensitive than the respiratory method. Four strains of C. fetus (Suis I, 319-A-77, 18151-A-76, and B-24-MK) exhibited hydrogenase activities ranging from 5 to 35 nmol/min per mg of protein. In contrast to the C. fetus strains, selected strains of C. jejuni and C. coli (either membrane vesicles or crude cell extracts) had hydrogenase and formate dehydrogenase specific activities ranging from 80 to 320 nmol/min per mg of protein. Formate dehydrogenase activity was observed in all but one of the Campylobacter strains by the BV assay.
All of the Campylobacter strains examined in this study reduced nitrate to nitrite in the tryptose medium, as evidenced by the appearance by 24 h of a deep-red color upon the addition of nitrate reagents to broth cultures. Interestingly, only the C. fetus strains continued to reduce nitrite to ammonia as reported previously (11) . The increase in ammonia in the medium was detected with Nessler reagent, but no effort was made to quantify the amount of ammonia produced. Similarly, the intensity of the nitrite color reaction also decreased over the 5-day test period. The C. jejuni-C. coli strains grew poorly in this medium (absorbancy at 680 nm = 0.2) and appeared to lack the ammonia-producing nitrite reductase. In contrast, all of our C. fetus strains grew well anaerobically with formate and nitrate (absorbancy at 680 nm = 0.5 to 0.8). Attempts to grow our Campylobacter strains anaerobically in brucella broth with nitrate and formate proved unsuccessful. The inhibitory effect of brucella broth was not explored further. Some of the C. fetus strains (40%) were also capable of growing in tryptose medium (no nitrate) with nitrous oxide as the terminal electron acceptor and evolved nitrogen gas. Those strains that did grow with nitrous oxide had turbidities similar to those reported for nitrate-grown cells. DISCUSSION A rapid hydrogenase assay has been developed which may be useful in the separation of subspecies of C. fetus from the species C. jejuni and C. coli. The assay can be done within 20 min. All recent clinical isolates were found to possess high levels of hydrogenase. However, if the BV concentration is increased over the 2 mM level recommended in this study, several C. fetus isolates (20%) will appear positive within the 20-min period. This is also true if the assay temperature is raised to 37°C. Since there are few rapid tests for distinguishing among the various Campylobacter species, the hydrogen- (3, 4) , the only methods for separating these species from C. fetus subspecies require additional growth-related tests, which may take 3 to 5 days (8, 14, 15) .
The presence of hydrogenase in some C. fetus strains was confirmed with cell extracts, and preliminary studies suggest that this enzyme might be located internally to the cytoplasmic membrane. Additional studies are needed to resolve the location and function of the hydrogenase. We have previously reported that the hydrogenase of C. jejuni H840 is located externally to the cytoplasmic membrane and that hydrogen serves as a major energy source (5) . Based on similar rates of reduction of BV by other strains of C. jejuni and C. coli, it is reasonable to assume a similar location for their hydrogenase. Formate dehydrogenase activity is also located on the periplasmic face of the cytoplasmic membrane in all of the Campylobacter species examined in this study. Since BV is generally impermeable to the cytoplasmic membrane (9, 10), enzymes located on the periplasmic side of the cytoplasmic membrane exhibit maximal activities, whereas enzymes located internally to the membrane exhibit activities lower than those observed in cell extracts. Enzymes, such as succinate dehydrogenase and lactate dehydrogenase, located internally to the cytoplasmic membrane exhibited lower activities with whole cells than with cell extracts. BV is preferred over methyl viologen because BV has a higher redox potential and reacts more rapidly with the dehydrogenases.
The presence of hydrogenase activity in the intestinal Campylobacter isolates may also suggest a role for hydrogenase in pathogenesis. This is supported by our finding that hydrogen is the most energy-efficient substrate oxidized by C. jejuni (5) . Hydrogen produced by the anaerobic microflora of the intestine would be available to C. jejuni and C. coli strains during pathogenesis. Further, since C. jejuni and C. coli fail to grow anaerobically with alternative electron acceptors, their apparent requirement for oxygen may be met through invasion of the intestinal mucosal tissue where oxygen is present. Thus, it might be useful in future studies of the disease process of these intestinal campylobacters to consider their metabolic capabilities for survival, as well as for pathogenesis.
